The nature of the bilayer motif coupled with the ability of lipids and proteins to diffuse freely through this structure is crucial to the viability of cells and their ability to compartmentalize domains contained therein. It seems surprising to find then that biological as well as model membranes exist in a dynamic state of mechanical stress. The stresses within such membranes are surprisingly large, typically reaching up to 50 atm (1 atm = 101.325 kPa) at the core of the membrane and vary as a function of depth. The uneven distribution of lateral pressures within monolayer leaflets causes them to bend away from or towards the water interface. This can result in the formation of complex, self-assembled mesophases, many of which occur in vivo. Our knowledge of the principles underlying membrane mechanics has reached the point where we are now able to manipulate them and create nano-structures with reasonable predictability. In addition, they can be used both to explain and control the partitioning of amphipathic proteins on to membranes. The dependence of the dynamics of membrane-bound proteins and the chemical reactivity of amphipathic drug molecules on membrane stresses suggests that Nature itself takes advantage of this. Understanding and manipulating these internal forces will be a key element in creating self-assembled, biocompatible, nanoscale cell-like systems.
Introduction
The field of nano-biotechnology has the ultimate forebear, Nature, from which we may borrow concepts and even its own molecular machinery to extend and improve upon [1] [2] [3] . These can be used to create nanomaterials, or as here, we can attempt to extract the principles of nanoscale behaviour in cells in order to allow us to build cell-like systems from first principles. Identifying important and universal properties of cellular systems and determining the nano-engineering rules that govern their design and operation are key steps in achieving this goal. Clearly cells have a dynamic nature which allows them to undergo change and development as well as containing and controlling complex systems such as metabolic pathways [4] . Other important principles include the ability to react to surroundings [5] , an inherent robustness, the ability to undergo self-repair or alter properties, and finally self-assembly [6, 7] , where the simplest example of this comes from the lipids that comprise the cell membrane. In this paper, we attempt to show that, by harnessing nanoscale energetics within the cell membrane, we are able to manipulate a number of membrane-associated biological processes Key words: bilayer, cationic amphiphilic drug, CTP:phosphocholine cytidylyltransferase (CCT), lipid polymorphism, membrane stress, phase behaviour.
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in a consistent manner. Specifically, by altering either the lyotropic architecture of the lipid bilayers or the elastic stress stored within [8] , control of enzyme activity, protein refolding and reactivity at the membrane may be achieved.
Phase behaviour and energetics
The lyotropic phase behaviour of amphiphilic lipids is surprisingly diverse [9] , ranging from the flat fluid lamellar L α phase to more complex mesophases with increasingly negative interfacial curvature, such as the three inverse bicontinuous cubic (Q II ) phases and the inverse hexagonal (H II ) phase. Phases with positive interfacial curvatures, such as the H I and L I phases, also occur although they tend to be formed by lyso-lipids rather than diacyl phospholipids. These twoand three-dimensional structures perform a number of key roles in biological processes. The mechanism of formation of the inverse bicontinuous cubic phases from the lamellar phase, for instance, has much in common with the mechanism of membrane fusion and fission [10] .
The L α phase is usually adopted by lipids with headgroup cross-sectional areas similar to those of the chain regions [11] providing a relatively uniform distribution of lateral pressures across the monolayer (type 0 lipids) resulting in a low torque tension. A typical lateral stress profile of a monolayer is depicted in Figure 1 , showing the lateral forces that occur across a monolayer, where the repulsive forces at the headgroup and chain regions are counterbalanced by the attractive interfacial tension. However, lipids with a comparatively small headgroup cross-sectional area generally form highly negatively curved phases (type II lipids), since the lateral pressure in the chain region would be proportionally higher, giving rise to a large positive torque tension, causing the monolayer to bend.
Assuming that the preferred interfacial curvature is not too great, a bilayer, which is described by two lipid monolayers back-to-back, will possess a 'stored curvature elastic energy' due to the two monolayers being forced into a flat conformation, since the formation of voids inside the bilayer is highly energetically unfavourable. It has been estimated that the stored curvature elastic energy for each DOPE (dioleoyl phosphatidylethanolamine) molecule, recognized as a type II lipid, in a flat DOPE bilayer is approx. 13 k B T [12] [13] [14] . Therefore, by altering the composition of a flat lipid bilayer, one is able to change the amount of stored curvature elastic energy within the bilayer. Interestingly, membrane bilayer asymmetry, which is a feature of biological membranes, can also be a source of stored curvature elastic stress, as each monolayer leaflet will have a different parameter for curvature. By regulating the composition of each leaflet one can in turn fine-tune the stored stress.
In order to be able to predict phase behaviour more accurately, another energetic term, the packing frustration, must also be considered. Packing frustration [15, 16] exists for all curved phases [17] , which are unable to pack fully in space, without having energetically costly 'voids'. The lipid hydrocarbon chains must then stretch or compress away from their ideal conformation to fill these voids. For the H II phase, this void volume is 9% and therefore will possess a large packing frustration.
The range of lyotropic architectures that can be obtained can therefore be described as a competition between the curvature elastic energy and the packing frustration [15] .
Enzyme activity
The PC (phosphatidylcholine) biosynthetic pathway is vital for cell existence and cell growth. Not only is PC a major component of cell membranes, but it is also a precursor for other membrane lipids. This pathway is mediated by three different enzymes: choline kinase, CCT (CTP:phosphocholine cytidylyltransferase) and CPT (CDP-choline:1,2-diacylglycerol choline phosphotransferase). The first of these produces phosphocholine via a phosphorylation mechanism, CCT then forms CDP-choline in a rate-limiting step [18] , and finally the third enzyme, CPT, manufactures PC. While CPT is mainly regulated by the levels of its substrates, CCT activity has been shown to depend strongly on its association with phospholipid bilayers being largely inactive in the cytosol. Specifically, its amphipathic helical domain has been shown to bind most tightly to PC bilayers rich in fatty acids and diacylglycerol (both type II lipids) [19, 20] . During the binding process, the CCT domain mediating this undergoes a change from random coil to a helical structure [21] .
In order to investigate the dependence of CCT activity on stored curvature elastic energy, the lipid composition of LUVs (large unilamellar vesicles) was varied systematically for two different model systems: DMPC (dimyristoyl phosphatidylcholine)/DOPC (dioleoyl phosphatidylcholine) and DOPC/DOPE [22] . One would expect the stored curvature elastic stress to be higher for DOPC than DMPC since the additional double bond on each of the two chains increases the desire for chain splay. However, since DOPC has a larger headgroup than DOPE, its stored curvature elastic stress is less. For each system, the activity of CCT added to the LUVs was recorded. For both binary lipid systems, the CCT activity increased with raised stored curvature elastic stress. Although for the DMPC/DOPC system one might reasonably contend that the increase in average cross-sectional area as one adds DOPC might amplify the enzyme activity, this does not hold true for the DOPC/DOPE system where the cross-sectional area of DOPE is less than that of DOPC. It is only the stored curvature elastic stress that increases monotonically in this series.
Logically, partitioning of CCT into the lipid bilayer will increase the lateral pressure at the headgroup region, and thus decrease the torque tension. For bilayers with a large torque tension, i.e. a large desire to curve towards water, the addition of CCT will be a highly energetically favourable event. Therefore, if a cell membrane were to have a high proportion of type II lipids, the membrane would have a high torque tension and therefore a large amount of stored curvature elastic stress. By insertion of its α-helical domain into the bilayer, CCT is able to relieve this stress (it is estimated to partially relieve the stress in 19 nearby lipids) and concurrently becomes activated. This, in turn, increases the rate of PC synthesis, causing the proportion of type II lipids to decrease, alleviating the stored curvature elastic stress. It seems likely that eukaryotic cells use this as an efficient physical feedback mechanism to regulate the phospholipid composition ( Figure 2) .
The activities of other enzymes involved in metabolic pathways, such as diglucosyl diacylglycerol synthase [23, 24] and 1,2-diacylglycerol 3-glucosyltransferase [25] , have since also been found to be modulated by the stored curvature elastic stress within the lipid membrane. The possibility that type II lipids might affect the functional activity of membrane proteins was first hypothesized by Gruner [26] . Such nonspecific feedback mechanisms imply that the mode of action of these proteins relies upon them sensing and responding to collective physical properties of the membrane rather than to the composition levels of individual lipid species. The degree of membrane stress within a bilayer has also been shown to affect protein folding [27] . The best-known example of this is that of the light-driven proton pump, bacteriorhodopsin, which denatures at a higher temperature when reconstituted in a DOPE-doped DOPC membrane than in a pure DOPC bilayer [28] . However, increasing stored curvature elastic stress has also been found to stabilize β-barrel proteins, namely the OmpA (outer membrane porin A) against denaturation by urea [29] .
Reactivity at the membrane
CADs (cationic amphiphilic drugs) are one of the largest classes of pharmaceutical drug molecules, and are known to reside preferentially at the polar/apolar interface of the lipid bilayer that comprises a cell membrane. A subset of CADs are the dopamine D 2 antagonists, which reach their targets situated in the brain after passing through many cell membranes, including the blood-brain barrier. There are currently two recognized models for the transportation of drugs through membranes: active transport requiring metabolic energy, and passive transport, which is dominated by diffusion along a concentration gradient [30] . However, a third translocation mechanism exists for CADs: the chemically activated degradation of the phospholipids that make up cell membranes [31] .
The independent action of two dopamine D 2 antagonists, haloperidol and spiperone, on model membranes composed of DOPC in excess Bis-Tris buffer [31] , was shown to induce swelling of the phospholipid bilayers, followed over time by the formation of a coexisting micellar phase and finally the conversion of the L α phase into the highly inversely curved H II phase. The swelling of the lipid bilayers is caused by the fact that at physiological pH, the secondary and/or tertiary nitrogen on the CAD is charged [32] . Once the CAD is bound to a lipid bilayer, the membrane becomes effectively charged, and therefore repels opposing bilayers forcing them further apart. The degradation of GUVs (giant unilamellar vesicles) also composed of DOPC by these CADs was visualized on a pharmacological timescale by fluorescence imaging. Degradation was not observed for model membranes or GUVs composed of the ether-linked phospholipid, dioctadecenyl phosphatidylcholine, indicating that the ester carbonyl groups were necessary for degradation to occur.
The products of the degradation of DOPC by both haloperidol and spiperone were found to be the single-chained MOPC (mono-oleoyl phosphatidylcholine) and oleic acid, implying hydrolysis of the ester carbonyl groups of DOPC, as illustrated in Figure 3 . In a related way, these two moieties are also produced by the action of phospholipases A 2 on DOPC. The MOPC generated does not readily remain in the phospholipid bilayer, but will form micelles [33] , as observed for the action of haloperidol and spiperone on DOPC. Oleic acid formed by the ester hydrolysis of DOPC, however, will reside in the bilayer although continued accumulation will eventually drive the L α phase to break up and form the H II phase [34] .
It should be noted that this ester hydrolysis is usually acidcatalysed, and the CAD is only able to catalyse this reaction due to its protonated nitrogen group. MOPC micelles that are formed by this process as well as other membranous fragments are able to carry any CADs bound to them to new degradation sites. This can therefore be seen as a simple drug translocation pathway, where the CAD binds rapidly to the membrane surface, and catalyses chain hydrolysis.
As with CCT previously, we hypothesized that, owing to their planar shape, small size and inherent amphiphilic nature [32] , the CADs will bind easily to the surface of the membrane. The CAD is further anchored to the membrane surface by its protonated secondary and/or tertiary nitrogen, which will prefer to reside in close proximity to the carbonyl ester groups of the lipids. The binding of CADs to the membrane/water interface will lower stored curvature elastic stress and so the reactivity of CADs is predicted to be higher at regions with high membrane stress. This was confirmed by measuring the reaction rate and membrane-binding affinity of CADs to dilauroyl phosphatidylcholine, which has a lower stored curvature elastic stress than DOPC, and both were found to be substantially decreased. Therefore the reactivity of the CADs is dependent on the mechanical state of the membrane. Analogous acid-catalysed hydrolysis of phospholipids has been seen with certain peptide sequences, specifically the dynorphin peptide sequence [35] . It is therefore plausible that other peptide sequences may also degrade the fabric of membranes.
Conclusions
Lipids, although simple building blocks, have rich polymorphism caused by a delicate balance between two competing energetic aspects: the curvature elastic energy and the packing frustration. This knowledge can enable us to design ordered nanoscale materials and other such self-assembled objects.
Similarly, understanding that, in systems where the interfacial curvature is not high enough for an inversely curved phase to be adopted, flat bilayers possess stored curvature elastic stress, provides us with engineering rules with which we are able to predict the trends in binding of extrinsic membrane proteins, the refolding of membrane proteins as well as chemical reactivity at the membrane.
